In this paper we describe a successful experience in the application of genetic algorithms. The Andalusian Regional Government was interested in defining strategies and taking measures promoting the development of the Information Society in the less favoured areas of the region. We collaborated developing a tool capable of evaluating the investment ratios that would be required to set up an optic fibre telecommunication network. Our proposal was a Decision Support System based on a genetic algorithm solutions' generator.
Introduction
OR is a field very much enhanced in the last decades. Today OR is not only elegant mathematical methods but it includes a large variety of tools giving decision makers the option to deal with complex real life problems. Real life problems lead decision makers to take complex decisions: what can we do? Should we adapt reality to well-known models that we know how to solve? Or, should we adapt our models to reality even in the case that we would not know the way to solve them? We decided to go for the second option.
Here we describe our experience trying to solve an extremely complex problem: the design of a universal high-speed telecommunication network across the Andalusian region, in the south of Spain.
The General Directorate for the Information Society in the Junta de AndalucÌa was interested in defining strategies and taking measures allowing the development of the Information Society around the entire region. One among a wide set of initiatives is the deployment of an optic fibre network reaching the less favoured areas of the Andalusian region. This initiative could give these communities the opportunity for achieving prosperity and progress. Furthermore, the access to information and communication technologies could contribute to the launching of small and medium-sized firms directly into the heart of regional, national and global markets. Even new advances as telemedicine could also provide access to up-to-date health and medical information to the most remote communities.
But today, the Information Society access in these remote areas is unfortunately lamentable. In fact, the high cost of the telecommunication networks' infrastructure forces the companies to focus their efforts in the profitable society sectors. The initiative of the Andalusian Regional Government tries to bridge this difficulty. The General Directorate was especially interested in developing a tool capable of evaluating the investment levels that would be required to set up an optic fibre network And our collaboration was focused on it.
The major difficulty that we found was the size of the network, because it had to connect all the municipalities of Andalusia in order to bridge the digital divide. We were not able to build a compact mathematical model that included all the physical and technological constraints and their special characteristics. The enormous variety of technological alternatives made chaotic the modelling process. However, we realized that for a specific network we were capable of evaluating the cost of such network by means of easy rules of technological dominance. So we decided that our goal would be to build a tool capable of generating alternative networks and selecting a cost-efficient backbone network. Fortunately we had gained experience in such tools from previous experiences; see Cortes et al (2001) . Our proposal to build such tool was a Decision Support System (DSS) based on a Genetic Algorithm solutions' generator. In the work, we prove that Genetic Algorithms can be used to deal with real life problems. It is not habitual to find Genetic Algorithms' practical applications in the scientific literature. Most of them are in the scope of theoretical applications. Examples of that are the papers of White et al (1999) and Armony et al (2000) to design network rings. Also Poon et al (2000) presented a topology planning tool, GenOSys based on a genetic algorithm to design network infrastructure. In this scope Aiyarak et al (1997) developed a genetic algorithm for the design of topologies in optical networks in the same way as the case of Berry et al (1999) . However we miss real life applications to telecommunication industry problems. It seems as if genetic algorithms were suitable for laboratory tests but not for real life situations. We show the case study of a practical application that is working in practice.
The Decision Support System
We implemented a DSS based on a structure as shown in Figure 1 .
The data sources
The DSS is based on two main sources of data. These are the cartography supplied by the Cartographical Institute of Andalusia (ICA) and the socio economic database provided by the Statistical Institute of Andalusia (IEA).
The ICA supplied the topological data in Arc\View format. Due to the high degree of precision in the cartography, some simplifications were required. The result was a graph with 2,796 arcs and 1,920 nodes. 770 of those nodes were municipalities to be interconnected by the network, and the rest were simple intersections of the graph.
On the other side, the socio-economic data of the municipalities of Andalusia (supplied by the IEA), plus the historical demand data, were used to calculate the telecommunication demand for each one of the municipalities. The demand was calculated by using different statistical approximation methods (moving average, exponential smoothing, Holt, linear regression and quadratic regression) and minimising the historical error observed by a parametric composition of them. See Onieva et al (2003) for a deeper description. Those demand values plus the financial analysis of each urban node allowed us to classify the municipalities into profitable and non-profitable. This allowed to identify the digital divide.
We classified the municipalities into four groups: A (most profitable), B1 (profitable), B2 (not profitable but with demand) and C (without representative demand). The following eighteen cities are type A: Almeria, Algeciras, Cadiz, Chiclana de la Frontera, Jerez de la Frontera, La Linea de la Concepcion, El Puerto de Santa Maria, Rota, San Fernando, Sanlucar de Barrameda, Cordoba, Granada, Huelva, Jaen, Malaga, Alcala de Guadaira, Dos Hermanas and Seville. The population living in them represents 43% (3,164,329 inhabitants) of the total population in Andalusia. They are the most profitable cities in order to obtain economic benefits.
The population living in municipalities of type B represents 45% (3,292,609 inhabitants) of the total population. There are 262 municipalities of type B. To separate the municipalities of type B into B1 and B2 we made a basic financial analysis. The initial investment was calculated as a function of the municipality size. Basically, we considered the DSLAM equipment cost (by means of a fixed part and another variable depending on the number of users). For the incomes, we considered the monthly tariff and the expected demand. For the monthly costs, we considered the operation and maintenance costs as a 10% of the incomes (it is a habitual value for such networks).
Finally, the critical point between type B1 and type B2 was an IRR higher than 120% and a NPV higher than 3 millions of euros both for a 10 year horizon. This consideration gave 43 municipalities of type B1 and 219 type B2. The average population in a municipality type B1 was 32,500 inhabitants and 8,600 for a type B2.
The rest of the towns were type C. This last group consisted of 490 municipalities, representing 12% (883,637 inhabitants) of the Andalusia population. Access to the Information Society is really difficult for this large amount of towns without the impulse of the Administration. Figure 2 shows the main characteristics of the digital divide.
The cost model
There exists a wide range of technological alternatives to carry out the deployment of highspeed telecommunication networks, and the model cost depends strongly on the technology selected. We selected the following technological alternatives according to the current telecommunication industry decisions (depending on the transmission capacity and the length of the telecommunication link):
Optic fibre of high quality without regenerators. They require optical amplification each 100 kilometres. High quality monomode fiber is necessary as well as erbium-doped fibre amplifiers. Among its advantages we can find the non-necessity of electro-optic conversion, and when combined with wavelength division multiplexers (WDM/DWDM) it can reach capacities in the range of 100 Gb/s.
Optic fibre with regenerators. This option does not require so efficient and also expensive equipment. Lower quality fibre can be used but it requires the installation of regenerators every certain distance (typically 40-50 kilometres). It can be adequate for capacities under 2.4 Gb/s and distances shorter than 150 kilometres.
According to the technological alternatives selected, the relevant costs in the infrastructure deployment are classified in four categories: The numerical values used for estimating the node costs, as well as the arc costs exclusively dependent on the length (2.a costs) are detailed in the cost appendix.
On the other hand, two different technological alternatives are considered to calculate the 2.b costs. The cost expression for the first option corresponds to a high quality optic fibre link without regenerators (1), and the one for the second option is for a lower quality optic fibre link with regenerators (2). They can be calculated as follows:
Where: P SDHo and P SDHd are the origin and destination SDH multiplexer costs. n o and n d are the number of links in the SDH equipment placed in the node. As one SDH multiplexer can serve diverse digital links, only the correspondent part should be attributed to it. D ij is the arc distance for the case of distance covered with regenerators.
D ij sG is the arc distance for the case of distance covered without regenerators. P fo is the linear cost of a standard cable of 24 monomode fibers plus the cost of connecting it.
P fo sG is the linear cost of a high quality cable of 24 monomode fibers plus the cost of connecting it. C reg is the cost of a regenerator.
C oam is the cost of an optical amplification system. D max is the maximum amplification distance, typically 140 kilometres. C tr is the cost of a DWDM interface card (transmitter/ receiver) with a capacity of 10 Gb/s. C max is the capacity that must be equipped. The numerical values are detailed in the cost appendix.
The topological model
The topology of the high-speed network must be resilient to failures and cost-effective at the same time. The reliability of the network can be guaranteed by permitting the rerouting of the flows between the main municipalities in case of failures. Designing a ring-tree topology can achieve this. The ring would include the municipalities of type A, those with a greater demand. The bi-directional self-healing ring has been the most used topology in the case of traditional public operators due to its resilient wide coverage.
We took the decision of selecting an existent optic fibre ring, in order to minimize the infrastructure deployment costs. For the Andalusia case we can use the available optic fibre in the railway and electrical networks. Furthermore, this decision will allow for a faster deployment of the network in the less favoured areas carrying out the ring deployment in the last stage. In the solutions (Figure 4 ) the ring can be viewed as a thick line.
The rest of the nodes would be connected to the ring by means of branches, shaping a tree structure rooted on the ring that can be viewed as a big node.
The genetic algorithm solutions' generator
The main difficulty of our problem was to find a procedure to calculate such network. Even the modelling of the problem was a complex task because of the diverse technological alternatives together with the non-lineal character of their expressions.
However, we realised that we were able to evaluate the cost (quality) of every feasible network in a reduced computation time. The genetic algorithm strategy consisted of generating diverse feasible solutions (easy to evaluate) and recombining them without losing feasibility.
The procedure followed the next three steps: 1. Constructing a big-node that corresponds to the ring. The ring is conceptualised in one only node formed by all the nodes in the ring and with so many incident arcs as the sum of all the incident arcs for each one of the nodes in the ring. 2. Constructing a tree that contains the big-node and all the municipalities. The passive nodes (intersection of the transport network) can be adequately used if necessary. The genetic algorithm generates the network proposal. 3. Dimensioning the capacity and the deployment costs of the network.
The genetic algorithm characteristics
The individuals genome encoding consisted of an array with so many registers as arcs exist in the graph. If the register was set to one then the arc would be included in the solution, otherwise the arc would not be in the solution.
We considered an initial population of 20 individuals. After several tests, we experimented that relatively small populations allowed reaching successful solutions with little computation effort.
The parent selection mechanism was random in order to enrich the genetic variety. We implemented two genetic operators: crossover and mutation. Uniform crossover operator. If the genome of both parents included the arc in their solution (i.e. it had the same register set to 1, or set to 0), then the arc was maintained for the offspring. Otherwise (only one parent has the arc) the arc was maintained with a probability equal to 0.5. Mutation operator. The operator changed a register from 1 to 0, or vice versa. I.e., once a register was randomly selected, if the arc belonged to the solution then it would be erased. Otherwise, if the arc did not belong to the solution, then it would be included.
A probability equal to 0.8 for the crossover operator (0.2 for the mutation operator) was selected after testing different options. Figure 3 shows the genome encoding and the genetic operators' characteristics.
The application of the genetic operators could lead to unfeasible solutions. The possible infeasibilities are the following: Always after applying the crossover operator two trees might be connected. This situation would generate a new graph and cycles would appear. The cycles were broken by erasing a randomly selected arc of each cycle. After applying the mutation operator two situations could appear: o If an arc was included in the solution, a cycle could appear. Then, the cycle was broken by erasing a randomly selected arc of the cycle. o If an arc was erased in the solution, the tree could be disconnected. Then, the tree was reconnected by means of the shortest path algorithm.
The substitution of the old individuals (in the previous population) by new individuals (offspring) was made by a ranking based replacement.
We used a hypergeometric function allowing more probability of replacement for individuals with worse fitness and less probability of replacement for individuals with better fitness.
Finally, the number of generations of the genetic algorithm was fixed on 50. As genetic algorithms are iterative, they can take a lot of execution time. Our tests revealed that a reasonable computation time could be reached within fifty iterations.
Results and final remarks
The Decision Support System output supplied a cost-effective solution whose topological shape is viewed in Figure 4 . We present three alternative deployments. The first of them (S1) corresponds to a coverage equal to the 80% of the population and 616 municipalities. The second scenario implies a coverage of 90% and 700 municipalities. And finally, the third scenario provides total coverage (100%) and 770 municipalities.
The data corresponding to S3 includes 7,101 kilometres of ditches and conduits (1,158 kilometres in the ring) and 14,698 kilometres of optic fibre (3,953 kilometres in the ring). 
Costs appendix
These results are the basis of analysis for the real engineering project being carried out in practice by the Andalusian Regional Authorities. In this work, we prove that Genetic Algorithms can be used to deal with real life problems and they are not only suitable for laboratory tests but also for real life situations. Here we have shown the case study of a theoretical development that is being applied in practice. 
